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This gquacterly report descrioes resezrch psricrred on

a progiam sponsored by the Bureau of Navay Weapons, Department

~

of the Navy under Contract NOw-0G4.033

1.2, 'Tnls resesrch wag

icn of My. Charles

r

performed under the gereral %echnical direct
F

7, Bersch, Ccae RRMA-34, of the Bureau of Naval Weapons.

This report covers work performed during trhe perilod
T April 1964 to 7 Julw, 196%4, The suti:ors are pleased to
acknowledge the contributions of mery individuals, inciuding

especially Dr, W, R, Buessem and Mr, Ralph E, Wwalwer, %o this

Progra.



ABSTRACT

An investlgation of the elffect of compressive surface
layers on the strength of polyerystalline éeramic vodies is
described., The compressive surface layers are fcormed by
reactions in the surface of the material at nigh temperziures,
which result in solid solutions having lower trnermal expansion
coefficients than the bulk of the material., Since the surface
layers tend to contract less than the bulk of the wmiaterial, they
~are placed in compression during cooling L0 room Lemperature,

The thermal expansion properties of a wide variety of
oxide solid solutions were measured, Several of these materials
have iower thermal expansion coefficients than the bodies on

)

which they would be placed., 3Several methods ot forming soliid

62!

soiuvion surface layers were investigated. Some of these
methods show promise for formation of compressive surfsace

layers,
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T, TINTRODUCTTON

Stronger ceramic materials are needed for radome and
structural applications. Stronger materials can be helpful in
reducing weight, and in improving rain erosion and thermal
shock resistance.

This report describes an investigation of the strengthen-
ing effect of compressive surface layers on polycrystalline
ceramic bodies, It is expected that the compressive stresses
will reduce the contribution of surface flaws to the structural
failure of these bodies.

Compressive surface layers can be formed in several ways.
An extensive background for this work has been built up in the
glass industry. Compressive layers on glasses have been
achieved by overlaylng one glass with another of different
expansion coefficient, by quenching, by tempering, by ion
exchange at relatively high temperatures to form a glass surface
having a lower coefficient of thermal expansion than the bulk
glass, by surface crystallization to form a lower expansion
surface, and by exchange of larger ions for smaller ones at
low temperatures resulting in "stuffing" the surface. Stronger
polycrystalline materials'resulting from various heat treat-
ments indicate the possible importance of residual stresses in
determining the strength of these materials.

In the first part of this investigation, the compressive
-surface layers will be created by forming low-expansion surface

layers at high temperatures, The low-expansion surface layePS"




will be produced by chemical reactions which form solid solutions

havirg lower coefficients of thermal expansion than the main
body. In order to prevent the surface layers from shearing
off. gradual composition variations will be used to form an
expansion gradient which, in turn, will result in a stress
gradient, |

In the first quarter, effort was expended mainly in the
searczch . for new low-expansion solid solutions and in prelimin-
ary dttempts to form low-expansion surface layers on poly-
crystalline ceramic bodies, In two systems, solid solution
compositions were found that have lower expansion coefficients
than the bodies on which they may be used, Preliminary thermal
expansion measurements were made in several other solid solution
systems., Some of the methods used for forming low-expansion
surface layers show promise, This research is described in

the fcllowing sections.
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IT. FPROCEDURE AND RESULTS

A, Thermal Expansion of Oxide Solid Solutlons

The literature on the thermal expansion of ceramics has

been feviewed(l’g)

and the thermal expansion of oxide solid
e
soiutions has been studied during recent programs(s J)O Solid

solutions in the systems A1203~Cr203, T102—8n02 and T102----VO2

have been investigated. The solutions in the system A1203~Cr203
have lower thermal expansion coefficients than A1203o The
soiutions in p?e system TiongnO2 have lower expansion coeffi-
cients than Tioga The results of some of these measurements

are given in Tables I and II.

Based upon these earlier results, measurements have been
rzde on a number of other solid solution series. The objeotive
of’ these measurements has been to add to the number of_loww
expansion solid soiutions avallable for possible use aé com-
pressive surface layersn The following systems have been

investigated:

Mg0O-N10
Mg0-Zn0

A1203~CP203

203--Ga203

MgOoA1203 (spinel) - AlQOB

Al

Ti02~Sn02-VO2
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Thoe varlco . cororaliicn i ness aystaes vers welgne

and mixed by pres:ing Tarougr 1 200 mean sereen.  Blnder was
added ana une discs wepe preszed and rired.  Tne l'lred discs
were troken up, ground irn a Filsrer awiom:tle morisr and pestle
and reflirea, In mio Cases Uhe batcres were ground znd refired

one or more times. LS00 00 Tne detalls of these sample prepara-

D

tilon procedursz: rs glven 1n Taple LIT1.

The eguipment vead ror tre X-ray tnsrmil expansion
measurensrts consiited of ¢ General Hlectric XRD-5H diffractometer
and a Tem-Fre: nign Lterperature f-orey diffracvion furnace, The

sawple nolder is =z pianinua plate with 4 milled depression

13 by 16 by 0.75 mn deep, Because of the high thermal con-

-

ductivivy of platinum, irne maximen J1 fierencp in temperature

rotder 10 27 auer the range 25° to 1000°C,

Al
3
&)
o
-~
n
ke
e
(@]
"
( N
o

A precision potentiometer 1s used 1o read the temperature during
the diffrzction peak mezsursmert and the furnace 1s manually
controlled, The specimen rholder mounting is provided with
rotational, viiting and translavional adjustments so that the
sawple surfsce can be aligrned on, and parallel to the diffrac-
tometer axis.

Copper radiziion f =1,58C50 A for Ka, ) was used for all
messvrerents, The X-ray tube was operiated at 50 KV and 15 ma,
with a 0,007-in, nickel fiiter., A4 3° beam slit and a 0,2°
detector slit were used with a scanning rate of 0,2° (20) jer
minute and a4 chart speed of 30 in, pef nour, To attain precision
and accuracy in the determination or lattice constants, ue was _

made of lines in the hack-rerlection region.
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TABLE ITI (Cont,)

MgCO3 Fisher Certified Reagent was used as source of
MgO

Baker Analyzed Rezgent

Al(OH)3 Fisher Certified Reagent was used as source of
A1,0

273
Ga203 was prepared at Linden Laboratories
Fisher Certified Reagent

TAMCO heavy grade T102

: V205 Fisher Certified Reagent was used as source of VO2

Fisher Certified Reagent

Norton Company Levigated Alumina was used as source of

A1203

Fisher Certified Reagent

Ceramic Color & Chemical Co.




Thermal Expansion of Solid Soluftions in the MgO-N10 System

The following solid solutions were prepared:

0.8 Mg0-0.2 Ni0
0.6 MgO-0.4 N1LO

0.4 Mg0-0,6 Ni0

A fast scanning X-ray pattern indicated that the reaction was
complete with formation of 2 single-phase material., The lattice
spacings of the solid solutions are smaller than those of pure
MgQO .,

The thermal expansion curves of these materials aré
shown in Figure 1 and the data are given in Table IV. The
thermal expansions of the solid solutions are smaller than the
thermal expansion of pure MgO., These reductions are smaller
than expected and desired, but seem to be sufficient to Justify
further consideration of their possible usefulness for forma-

tion of compressive surface layers,

Thermal Expansion of Spinel Solld Solutions

The following solid solutions were prepared:

0.5 Mg0-0.5 A1203
0.3 Mg0-0.7 A1203
0.2 Mg0-0,8 A1203

After firing overnight at 1500°C, the composition 0,5 MgO- .
0.5 AlQO3, the stoichiometric spinel composition, showed a

ma jor fraction of spinel and a minor fraction of periclase (Mg0).
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THERMAL EXPANSION OF MgO-NiO SOLID SOLUTIONS
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Wihen a more reactive material convaining MgO, for example MgCO3,
18 used as the starting material the resulting product contains
spinel plus a small amount of corundum (A1203), The 0.3 Mg0-
0.7 A1203 composition containg spinel plus a minor amount of

-

corundum. The lattice spacinzs ol the spinel are shifted to
smaller values, apparentiy by soluilon of aluminum oxide in the
splnel lattice,

The theermal crpansion curves fer tne alumina-rich spinel

pinzl «re shown in Figure 2, Tue

)]

and the more sitolechlometric
data are given in Tahle V. Tae thermal expansion coefficients
of the alumina-rich spinel are substantially lower than the
thermal expansion coerficients of the more stolchicmetric
material. Although the compositions of the solutions measured
in these cascs are not known, cufiiclent thermal expansion
differerce was observed to give rise Lo gtresses tnat are

large enough to justifiy Turther consideration of thneve materials

2}

for formation of compressive nurlace layers.

Thermal Expansion of Ciher Solild Solutions

~05 95293 System

'-—'L.—"

The X-ray pattern cf uvne sample of the composition

0.8 A1 OSuO,Q Gago3 indicated & mixture of a Al O3 and B Ga203

2
with substantial shifting of the AJEOO peaks due to solucion
2O3 in the ALzﬂqa Although the composition of fthe solid
solution is not krown, a preliminery thermz2l expansion measure-

of Ga

ment was made to get some indication of the results to be




%o

Expansion , __

Linear

O More stoichiometric Spinel

@ Alumina-rich Spinel

| l I I I

200 400 600 800 1,000

'Temp_—OC

FIGURE 2. THERMAL EXPANSION OF AN ALUMINA-RICH
SPINEL COMPARED WITH A MORE STOICHIOMETRIC

SPINEL
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Thermal Expansion ¢! alumina-Ricrn Spincl

y -

(F'rom rezcution ol composition 0.3 Mg0-0.7 AIQQ?}
)

Temp, Angle d A d Texp.

27.5°C 141.0% .8170L S
200 140.66 .81798 000G O.Lih

GGG 140,175 ,81922 L00218 G, 207
00 139,64 ,82063 . 00359 Q. 439
880G 139.08 L8211 ,CO507 0,621

1000 138, 45 .82380 . 00676 5, 628

b"\
wn

TABLE VI

Tnermal Expansion of More Stolichiomefric Spinel

(From reaction of composition 0,5 Mg0-0.5 AIEOQ:

Temp. Angle d 4 d % exp.
20,5 137.98 .82510 - o
200 137.62 .82611 .0C101 0,122
100 137,13 .82749 , 00235 0,290
600 i36061 .82897 .00387 . C,469
800 136,04 .83062 .005h52 0.669

1000 135,44 ,83240 0073 0,896




cxpetted In otale ocoien, Toe colld coiunion tnig ollar Ly

larger tnermal expansion cosiliclents and 2lightly larser

rermal expansion arlsotbrop. thar —ne purs alumiaum oxide.

__2_3 _"p& _Suster

The X-ray diffraction patterns or several sclid sol
compositions in tnls syatem snowed complebte rezcrior T
: single phase but tio solid solutions formed were inhomo

s0 that tne alifraction peaks ir the pizk-reflectlion regi

romogeneous solutions, 1t 1s planned to coprecipitzte tne
xldes from water solution so trnat the materizls will e

.

intimately mixed before I'iring.

T10,-810,-V0,_System

krown that T102 -S1

pure Tiogo Therefore, 1t seems rezsonzple Lo expect thatl

temperatures high enough to react the Ti0

very broad, Thermal expanslon measurements uslng the bro:

vrok-reflection peaks zand the sharper penks 2o smaller 41

expansion anisotrepy can be found in the TiongnO?wVOQ 58

vrion

Zeneous

tion angles leda vo unreliable results, In order to [fors more

Before beginning work on this present program 1L wias
O solld solutions had lower utrerwmal expinslon
coelficients than the pure Ti0, and that Ti0,-VC. and Sr0,-V0,

i 2 o 2 fad

solid solutions had lower thermal expansion aniscsropy thin the

relatively low-expansion surfece 1uveﬁw with reduced thermul

'D

te:

- Preliminary X-ray diffraction measurements indicabte thalt firing

5 arnd éro result in




tona o vne VG, by ovaperavion. 1o 1o plannod o el Lo Wluq

nd A0, In advance and then 2dd e V0, to e oty rolus
< [

1

tempt to prepare zclutions of tne deslred componitlon,

&k

tlon to at

O 10 D")L S0

{-ray diffraction examinztion of lirsd mixtures in tne
Mz0-2n0 system indiczted ro change In che 1attice constaris
of the MgO and subatantizl remaining Y00, for the Uiring treai-
ments used, Low intensity peaks irdicatod tne preserce of
unidentifiled phzase, No further cxperiments ore plainned with

e B iy e .,
this sysvem,

B. Formation of Compressive Jurrazce Lajers

Wnen 1t was found trhalt z solid woiution of tin oxide in
rutile hed a coefficient cf thermal expansion legs vhan that
of rutile (see Table 1), a chemical approach tvo producing
compressive surface lavers in oxilde polverystvalline ceramice
wag avallaple for study., The relatively low firing tempera-
turé o Bltania together witn ifs extensive sclid sciution with
iv oxlde make it a good cholce for preliminary studies oI the
Teaslovllity of the proposed strengthiening method,
ci the titaniaz~tin oxide systei are the low tensiles strength of
rutile bodies {as compared to alumina bodies) and the refrac-
toriness of tin oxide,

The concentration of the tin oxide in This surfzce laver

5011id solution should decrease from the suriace to the inter-




inorder to reduce The tondency 1o Live corpreaion
shiear from the Lnveprzoo SLth whie vlvonls body
ravional basis for detersining tne optlmum trlokness

ot Lhe compreasive surface laverds io not available ol the

.
,

Lime,  TU is clear, thouph, thav tne corpreassive
Llayers chould bz cthicker than the expected [laws due
lon, 1In the case ol ariiiilcally abraced glaosnen with
cormpressive surface layers, a compresaslve laser tnicknens oo
~ ooy N - oy pn - . q - o~ Coee boe . | BRSO . - k“-’)) -
rore than 80 u was reported necessivy by Noeedborg en oL L0
revaln rogdulus of rupture vaiuen atove 50,000 pesi. On the
otner nand, the compressive sucface layers should not be 30

thick thap they significantly increase the tensile siresses

in the core,

Thelspecimens were prepared [rom TAM heavy grade

-

xide,

eve Analysis % = 0,1% max. + 320 mesh

Rad

e
0

le Slze = 0,5 te -~3%,0 microns

th
\O

8

o
—

) - 96, 0%

i, , .
= O R LA O o 8%

WO, = 0,5 max,

o Ignition Loss = 0.25% max,

J 3

qas added to the titania as C.P., stannic oxide




Tae rlvos samplen, preasced (rowm dre) PoUdlr, WeTe LOO
atrticult vo bandle and polyvinyi wlzobel (Pwarol BHL-0h ) was

added %o the dry polider 2o 1 binder.

LN

T™wo and one-nali to rive par cent (o welght) of the

(1% gram of Rvanol in 85 @i water) binder solution wisn .dded

Lo rthe dry powder and mixed in 2 mortar and peotle,  Bars

(3" by 3,/8" b, 1/4") were pressed in v osteel mold . vairious
pressures,  Good usamplens were obtained &t pressurss o 2,000

Lo 10,000 pounds per square inch.  ~t nigher precoures, 15,000,
20,000 and 25,000 psi, the boay snowed l..ir . ticr  In thls
merhod (wet binder) of adding the olcder, there 2eers Lo be an

exzess of water in Che pressed specimen as -it 1s takern from the

mold. A second method {(dry binder) oi adding tne binder to the

mix was used in order to produce a dryer bar, Nine per cent of
(25 gram Evanol to 75 ml water) binder solution was sdded to

t 110°C overnight,

o

ihe powder, thoroughly mixed, and then dried
The dried binder and powder 1is then brcken up in a4 morvar and
pestle, 0,75 per cent water is z2dded und Zgiin well mixed, This
~mixsure is pressed at 20,000 and 25,000 psi in the steel mold,
il bar sarmpleswelghed épproximately Twelve grams.

All riring or the samples wap done in an elecvricalily
neated rurnizce and temperatures were read with i platinum-

A

platinum 10% rhodium thermocouple,



Voo vy v T e R R S N PR e S -
Formavion o Solid Jolusion Suries Toyor,

The 1ollowing methods werz usel no Introduce tin into the
unfired tivania bars:

1. dipping

2, painting

Dipping into coluvions of Lin compeunds in wabter cr alconol
resulted in disintegration of the unfired pars so this method
was abanaoned., Painting resulted in apparently uniform layers
and avolds the disinctegration.

A dve, €0sin (G.05 gns in 1 ml. alcohol), was added to
the tin soluctions in soﬁe cases to determine the depth of
penetration. Sampfe bars pressed at 5000 psi could be stained

to a depth of two millimetvers with the pink dye.

“

Control of Porosity Before Firing

1. Wet binder method - Bars made by tnis method seemed
to be least porous and the vin solutions containing cye remained
on the surface,

2, Dryv binder metnod -~ Bars made by this method seemed
to have gooa porosity and the tin solutiocns had gocd penetra-
tion into the unfired titania bar.

3, Burn-out of organic materials - Titania bars were
made porous by burn-out of organic materials; for example,

powdered rosin or sugar to gilve the following resulits:



Apparent

ﬂiﬂﬁﬁi;l Firing Temp. Poroslty Dengsity
710, 1000°C 1 hr, 34.0 2.h2
Ti0, + 104 Rosin  1000°C 1 hr, li0.9 2.08
T10, . 1500°C 1 hr, L3 .ok

* Low apparent porosity may be due to sealed pores.

Bar: made with rosin or sugar were very much alike and
haa a good appearance,

Unfired titania hare (3" by /3" x 1/4") were covered
with 2 tin solution (one gram SnCly -5 Hg) on the widest face

(3" x 1/3"). They were then fired to 1500°C for one hour

resting on the narrowest face (3" by 1/4") on a zirconia plate,

The sample bar bent as shown below:

Sn02 side -

—

Trils bending might be caused by sintering of the titania
body atv 2 lower “emperature than the tin oxide side of the bar,
by the fact that there is more material présént'on the coated

side, or by residual stresses, A bar coated with tin solution

in the same manner ag above but on both sides, remains straight

and does not bend. A slice,approximately two millimeters thick

and containing one tin oxide-titania solid solution face and

one titania face, was cut from this bar. No detectable bending,

due to residual stresses, was noted. The cause of this bending

remains uncertain,




Avtenpto Lo Increase Lhc~ninpcvinﬁ DL e JnOQ Lover
by the addltion of Cu0 to itrne ShOQ were rade, since LU wan
tourd, as shown in Table VIT, that 0.% mole per cent Cu0 in
vin oxide would produce a sintering shrinkage 217057 a5 greul
as that found in titaniz alone at the name tempeiiture, However,
when & titanla bar éontaining tin oxidg and copper oxlde was
fired 25 shown in Table VII, tne sintering shrinkage was
reduced to 12-13 per cent,

Table VII contains data indicating that bars of 20 mole.
per cent SnO2 in titania, and ftitania, nave aporoximately the

same sinvering shrinkage characteristics in the Cenperature

range 14007 to 1500°C.

Chemical Composition of Surface Layers

In order to understand the stress gradlent in bodies with
compressive surface layers, 1t 1is necessary to know the relation-
ship between composition and thermal expansion, and the composi-
vion variations in the body. Of the several methods that could
be used to determine the compositions at various positions in
the treated bodies, the most convenient method for use in this
program makes use of the variation of the lattice constants
with vin additions to form solid solutions. Standard solid
solution samples of khown composition were prepared and the
variation of diffraction angle and with composition were
determined for two diffraction peaks. The composition of
unknowns is determined by determining the peak position and

reading the composition from the standsrd curve,
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Composition
ol Bar

710,

o«
Wer Mix
10,000 psi
Ti0

Dry Mix
25,000 psi

80 TiOQ;EO Sn02

80 T10221905 5n02;
0.5 Zu0

\J]

99, SnO?:OOB Cu0
aaded as Cul

99,5 SHOP:OOE Cuo

added =w

(AR
Sno..
e

Cu804:5 HQO

1400°¢

— 44,44 Vot .

1 Lr,

8 hrs.

15,1

12,2

14,7

Sn02 Bars

_1450°C

"4 et e 15580

4 vrs,

o . 1A

15,0

15.8

12,0
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pDetermination of Grain Size
Thin sections were cut and ground from titania samples

1500°C for one hour, (2) 14%0°C for one hour,

\
)

fired to (1)
and (3 from a 80% Ti0,-20% (mole) Sn0, sample flred to 1500°C
The thin section of the titania sample fired

for one hour,

0C°C appears

to 1500 to be slightly more transparent and contains
slightly larger crystals (10 to 18 microns) than the section
Very little

of the bar fired to 1450°C (8 to 15 micronsj,
could be found between the section of the

difference
sample compared with the titania sections,

8C% T10,,:20% Sn0,
o
polished section, etched with potassium bisulfate

a)

>

i
showed & slight tendency for the individual crystal grains to
was

stand out in reiisf but, on the whole, the surface

rapidly and uniformly etched back as a smooth surface,

Variation of Strength with Firing Temperature

b S

~ A preliminary series of firings was made as reported in
fe and

¢t of peak temperatire

(o)
Do

Table VIII to determine the ef
Moculus of

time on the modulus of rupbture of titania bar
rupture was measured by three-point loading over a two-inch

span applying the load at 10,000 psi per minute,



Sample
No .

71

e

TABLIS VITI

Modulus of Rupture vsa,

M.

12

12

12
12
12

Press

10,000

10,000

10,000
10,000

10,000

12 gm 24,000
(Dry Mix)

Firing

Time Temp,

1 hr 1,b00°¢
1 hr 1,100°C
1 hr 1,100°C
1 hr 1,400°¢C
1 hr 1, 500°¢
1 hr 1,500°C
1 hr 1,500°C
1 hr 1,380°C

Firing Conditicns

Modulus of
Rupture in

psi

13,000

17,200

10,680
10,128
10,000
16,551




The dava from this series of firings indicates that a
short (one hour at peak temperature) firing at 1500°C on a bar
pressed at 10,000 psi produces a relatively weaker body than
é similar firing time at 1400°C,

The bar that had a longer soak period at 1100°C with a
final peak temperature of 1400°C has a higher strength than
the 1400°C bar with no soak period, 'Pressing a bar at
25,000 psi and firing at 1400°C results in a strength comparable
with that of the bar pressed at a lower pressure with 2 longer

firing time,




L[ET, CONCLUSTO

\

A, Perlclase solid solutlons in the syatem MgO-NiO have
thermal expansion coefficlients that are lower than tne thermal
expansion coefficients of the relatively pure Mgb on which
they mighrt be used to form compressive surface layers,

B, Spinel s0lid solutions in the system MgO°A12 3~A1 0,
nave thermal expansion coefficienfts that are lower than the
tnermal expansion coefficients of the relatively pure MgO;AlQO3
ot wn.ch they might be used to form compressive surface layers.

¢, Addition of solid solutions in the above systems fto
the 1ist of available low-expansion solid solutions has sub-
stantially increased the chances of success in this research
program.by increasing the number of material combinations fthat
can be investigated as surface and base materials,

D, T105~Sn02 s0lld solution layers can be formed on the
o

aurface cf TiO2 bodies,
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EXT PERIOD

—J
O

Iv, [LANS FOR THD

A, Thermal fxpansion Research

The search for additlcnal Sﬂlid solutions having lower
al

thermal exparsion coefficients than a pure component will be

continued,, This work will include investigations of systems
not previously investigated, attempts to, obtain more homo-

geneous solid solufions in the svstems A1203_CrQ.O3 and

Ti0 mSnO2wV02) and attempts to obtpin more complefe reaction

2
between A1203 and Ga2030

B, Freparation of Compressive Surface Layers

Preparation of Ti02~SnO2 solld solution surface layers

on Ti02 bodies will be continued. |In addition, a second system
will be selected for investigation|and compressive surface layers

will be prepared using compositiong in this system,

Investigation of Stresges in Campressive Surface Layers

I
oo

Freliminary investigations of the stresses in compressive
rface layers will be conducted., [The X-ray diffraction method
and the change in curvature when part of a stressed body is
removed will be used as methods of measurement., Analytical

methods of stress determination will be investigated.
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